A mathematical model has been developed to determine the pyroelectric coefficient ͑PY coef.͒ enhancement through secondary pyroelectric effect, utilizing a 2-2 connectivity of the pyroelectric lead zirconate titanate ͑PZT͒ and elastic laminate layers. Based on the prediction of this analysis, laminar stainless steel ͑St͒ PZT/St structures have been fabricated and more than 100% enhancement in PY coef. has been observed in these structures. Good agreement between the theoretical and experimental results was obtained by taking into account of the stain transfer loss at the St and PZT interface.
p m T,E = p m S,E + d mkl E,⌰ c ijkl E,⌰ ␣ ij T,E . ͑1͒
Here, d mkl E,⌰ is the piezoelectric constant, c ijkl E,⌰ is the elastic stiffness, ␣ ij T,E is the thermal expansion coefficient, E is the electric field, and ⌰ is the temperature. Notice the use of Einstein summation convention.
There has been a number of research on the secondary PY coef. over the years. 2, 3 Particularly, the effect of a substrate on PY thin films, arising from thermal expansion mismatch, has been extensively investigated by various researchers. 2, [4] [5] [6] [7] Generally speaking, for perovskite-based ferroelectric materials, the product term d mkl E,⌰ c ijkl E,⌰ c ij T,E is much smaller than the primary term p S,E , and hence the effect of this mismatch is limited. 4, 5 The possibility of utilizing secondary PY effect to enhance the total PY coef. was suggested by Newnham et al. 8 and Nan. 9 Their works led to the development of various composites with superior mechanical flexibility accompanied by good PY performances. [10] [11] [12] [13] [14] They concluded that in most cases due to the small hydrostatic piezoelectric effect, arising from cancellation between coefficients of opposite signs, the enhancement available through the secondary contribution is rather limited. We report in this communication more than 100% enhancement in PY coef., utilizing a 2-2 connectivity of PY lead zirconate titanate ͑PZT͒ and elastic laminate configuration.
A symmetrical configuration, where a PY PZT layer sandwiched between two elastic layers, or vice versa, was adopted to avoid bending ͑Fig. 1͒. From thermodynamics, as shown by Nye, 1 at constant external electric field, the total PY coef. of the system was obtained as
͑2͒
where dD m / d⌰ is the measured PY coef., dS ij is the strain experienced by PY material, and d⌰ is the temperature change. It is evident from Eq. ͑2͒ that the larger the strain the nonpyroelectric ͑NP͒ component can exert on the PY component and the greater the piezoelectric coefficient of the PY material, the bigger the change in the secondary contribution. This leads to the conclusion that stiffer NP material with greater disparity in thermal expansion coefficient ͑␣͒ with that of PY and more compliant PY material with high piezoelectric coefficients would be desirable. Hence, stainless steel ͑St͒ was chosen as the NP material and the PZT for the PY material.
Expression ͑2͒ is the general PY coef. for any PY material under strain. With the symmetry of PZT in mind, Eq. ͑2͒ can be simplified further to
ͪͬ.
͑3͒
When Eq. ͑3͒ is evaluated for a typical PZT, e.g., PZT-5H, 15 accompanied by a negative strain in three direction, would lead to a larger negative secondary contribution, resulting in the greatest PY coef. enhancement. The best configuration for this requirement is a 2-2 connectivity laminate since, with increasing temperature, it can lead to PZT's strains in one and two axes being positive while strain in three axis becomes negative as a consequence of Poisson effect. Plate theory 17 and force balance equations were used to elicit the strain that NP can exert on PY. As the system is symmetrical about the 1-2 plane ͑Fig. 1͒, two layer plate theory should present a good approximation to our three layer case. From generalized Hooke's law for orthotropic materials 17 with the assumptions of the Kirchhoff plate conditions, 18 i.e., only S 1 , S 2 , S 3 , and S 6 are nonzero ͑but T 3 = T 4 = T 5 =0͒ and that the shear stress in 1-2 plane, i.e., T 6 = 12 , is negligible, the total strain experienced by PY can be derived to be The above model assumed that the tertiary PY effect was negligible, the bonding between the layers is perfect, and the thickness of the bonding layers can be neglected. The first assumption is reasonable since our experimental setup is designed to provide uniform heating and cooling. However, due to the finite stiffness and thickness of the epoxy bonding layers and other possible bonding defects, some loss in the transfer of strains between the St and the PZT layer is expected. Therefore, we define an interface coupling factor k, similar to that of Bichurin et al., 20 resulting in the PY coef. of −5.0ϫ 10 −4 − ͓͑6.5ϫ 10 −4 ϫ k͒ / ͑0.32ϫ R + 1.0͔͒C m −2 K −1 , with k = 1 represent perfect bonding and k = 0 no bonding at all. Setting R to approach infinity, which is equivalent to no St layer being present, the PY coef. converges to −5.0ϫ 10 −4 , namely, p m T,E of a bare PZT-5H. With R approaching zero, which is the case for infinitely thick St layer or thin PZT layer, the PY coef. converges to its maximum value as the PY coef. of a typical PZT is not dependent on its thickness, while smaller R leads to larger extra strain caused by St in the PZT layer.
The PY coef. was measured three times for each PZT sample. The first measurement on the bare PZT was followed by yet to be bonded St/PZT/St stack and the final measurement on the epoxy bonded St/PZT/St lamina of that exact stack. This ensured that the only parameter being altered between the observations before and after bonding was the introduction of epoxy bonding. The bare PZT's PY coef. was found to be the same as nonbonded St/PZT/St stack, and the bonded samples were fabricated by applying a well-known commercial epoxy ͑EPOTEK 301-2, Epoxy Technology, Inc.͒ onto the surface of each St laminate and placing the PZT between the two, after which the sample was cured at 100°C in an oven.
The of 105% ͑3.9ϫ 10 −4 C m −2 K −1 gain͒, an increase from −3.7ϫ 10 −4 to − 7.6ϫ 10 −4 C m −2 K −1 . In summary, we have observed more than 100% enhancement in PY coef. in the laminated St/PZT/St structures and interpreted this phenomenon from secondary PY effect. A mathematical model, taking into account the strain transfer loss at the PZT/St interfaces, has also been developed, demonstrating good agreement with the experimental data. This significantly enhanced PY effect could find applications in numerous areas, for example, in PY electricity production 21 and PY sensors.
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